Recombinant protein production in Escherichia coli is well suited to applications in the basic and applied sciences due to its associated simplicity, cost-effectiveness and the large number of genetic strategies available. However, the active-form of the marine bacterial enzyme, alginate lyase, was difficult to express in E. coli cells under standard culture conditions. In this study, we found various calcium compounds that enhanced the expression of the active enzyme. 
, had 34% homology to a putative ECF sigma factor gene from Pseudomonas aeruginosa (unpublished data). The clones were kept as glycerol stock under -80°C.
Assay for alginate lyase activity
Alginate lyase activity was assayed using the thiobarbituric acid (TBA) method [5] . The alginate lyase expressing clones were cultured in LB broth or LB broth containing either artificial seawater (ASW; 3% (w/v) NaCl, 0.07% (w/v) KCl, 0.53% (w/v) MgSO 4 , 1.08% (w/v) MgCl 2 , and 0.13% (w/v) CaSO 4 ) or calcium compounds with 5 mM IPTG at 30°C with agitation (130 rpm). All media contained 100 μg mL -1 ampicillin. After 30 hours incubation, the culture medium was centrifuged (8,000 x g for 10 min at 4°C).
Cells were vortexed in the presence of 50 μL chloroform and then suspended in 1.0 mL of 0.1 M Tris-HCl buffer, pH 7.5 [14] . The suspensions were kept at -20°C overnight before being centrifuged (12,000 x g for 5 min at 4°C) to produce cell-free extracts. The centrifuged culture medium (supernatants) and the cell-free extracts were used for enzyme assays. The reaction mixture was composed of 0.1 M Tris-HCl buffer, pH 7.5 and 0.1% (w/v) sodium alginate with reactions performed at 30°C.
Effect of calcium compounds and concentration on active enzyme production
Seven calcium compounds were selected to screen for the enhancement of active recombinant alginate enzyme production. These compounds were calcium sulfate, calcium chloride, calcium bromide, calcium lactate, calcium gluconate, glyceric acid calcium, and calcium propionate, all of which are soluble in LB broth even after autoclaving. Clones were cultured in LB broth supplemented with respective calcium compounds with alginate lyase activities in cell-free extracts measured as described above. Calcium compounds exhibiting enhanced active alginate lyase expression were examined further to determine the effect of concentration dependency.
2.4. Electrophoresis, western blotting and antibody staining of the expressed AlyPEEC pCD11 was constructed by insertion of the mature region of AlyPEEC into the expression vector pTrcHisB [4] . The mature alginate enzyme was expressed as a fusion protein with Xpress protein and hexa-histidine. The Xpress protein is a specific target of the expressed recombinant AlyPEEC by anti-Xpress antibody. Consequently, immunostaining after electroblotting can be used as an assay for the target protein.
pCD11 was cultured in LB broth supplemented with ASW (100% v/v), calcium sulfate (0.13% w/v), calcium lactate (1.4% w/v), glyceric acid calcium (0.64% w/v), and propionate calcium (0.7% w/v), at 30°C for 30 h. These media were also supplemented with ampicillin (final concentration of 100 μg ml -1 ) and IPTG (5 mM). Cell density was recorded spectrophotometrically (Pharmacia, Sweden) at 600 nm. Cell-free extract for determining the enzyme activity and protein concentration were prepared by the chloroform method descried above.
Cell pellets were obtained from the same culture and resuspended in 100 ml distilled water. These were mixed with equal volumes of loading dye and boiled for 5 min. The resulting cell-lysate was subjected to SDS-polyacrylamide gel electrophoresis [4] and western blotting [15] . Electroblotting to nitrocellulose was done using semi-dry system (TE70, Pharmacia, Sweden) according the manufacturer's instructions at 0.8 mA cm 
Effects of seawater concentration on recombinant alginate lyase production
Alginate lyase activity was detected from cell-free extracts of all clones cultured in LB broth containing ASW, but relatively low or no enzyme activities were observed in cell-free extracts cultured in LB containing 0.5 M NaCl or 50 mM MgCl 2 ( Fig. 2 ).
Maximum enzyme activity was detected in cell-free extracts cultured with LB broth containing 50% ASW in pTPB24, 75% ASW in pTPB31, and 100% ASW in pCD11
( concentrations were similar to those of the calcium concentration in 50% ASW. The activities were higher in cultures supplemented with calcium lactate, glyceric acid calcium, and calcium propionate than they were in 50% ASW or CaSO 4 (Fig. 4 ).
Compared to cultures in 50% ASW, the increase in enzyme activity was four fold in the calcium lactate supplemented culture, seven fold in the glyceric acid calcium, and 14
fold in the calcium propionate.
The detected alginate lyase activities of pTPB31 and pCD11 increased in proportion to the concentration of the supplemented calcium compounds (Fig. 5) , with the high activities observed in 0.7%, 0.64%, and 0.7% of the cultures supplemented with calcium lactate, glyceric acid calcium, and calcium propionate in pTPB31, respectively ( Fig. 5. A). Similarly, high activities were also determined in 1.4%, 0.64%, and 0.7% in cultures supplemented with calcium lactate, glyceric acid calcium, and calcium propionate in pCD11, respectively ( Fig. 5. B) . High alginate lyase activities were observed in pTPB31 and pCD11 in calcium propionate supplemented cultures, and were two and seven times higher than those of ASW supplemented cultures.
Detection of expressed AlyPEEC as active and inactive forms
A single sharp signal was detected in cell-lysate from pCD11 in all media with and without calcium compounds tested in this study (Fig. 6) . The integrated density of each Table 1 ). The highest level of AlyPEEC production was observed in a culture supplemented with 100% (v/v) ASW, followed by a culture supplemented with 0.64% (w/v) glyceric acid calcium supplemented broth (Table 1) . AlyPEEC production was relatively low in LB broth cultures and cultures supplemented with 0.7% (w/v) calcium propionate ( Table 1) . Specific AlyPEEC production per growth rate was highest in a culture of LB supplemented with 100%
(v/v) ASW followed by in a culture with glyceric acid calcium (73%). However, the specific enzyme productions were only 12 and 13% in LB and the broth supplemented with propionate calcium, respectively (Table 1) . Conversely, estimated specific enzyme activity per expressed AlyPEEC was remarkably high in LB broth supplemented with propionate calcium. The specific enzyme activity was 30 fold higher than those observed in ASW supplemented culture, followed by those in LB broths supplemented with calcium sulfate and calcium lactate. Therefore, while AlyPEEC production was distinct, protein expression in LB both appeared be less than that in ASW (Table 1) .
Post-treatment of the expressed AlyPEEC
Post-treatment of the inactive recombinant AlyPEEC by calcium compounds increased enzyme activity slightly by 1.5 (calcium propionate) to 5.4 fold (glyceric acid calcium) (Table 2 ). However, these increases were less than those associated with pre-treated cell-free extract of pCD11 in ASW supplemented broth culture (15.6 fold). Increases in the enzyme activity of the active recombinant AlyPEEC by post-treatment of calcium compounds ranged from 1 to 2 fold (Table 2) . fold higher than that of LB broth alone ( Table 1 ). The effect of calcium compounds on the activity of inactive AlyPEEC by the "post"-treatment method was relatively smaller than the "pre"-treatment (co-culture) method ( Table 2 ). Use of calcium supplemented media for the cultivation of recombinant E. coli could be considered an alternative cost effective method for the expression of active recombinant marine bacterial biopolymer degrading enzymes when active protein production is low under standard culture conditions in E. coli.
The enhancement of active AlyPEEC expression by calcium compounds was observed in all three clones examined in this study; pTPB24, pTPB31, and pCD11 (Fig. 3) . The primary differences in the gene composition among these clones were related to promoter and secretion signals (pTPB24 and pTPB31), to the function of the unknown paeX gene (pTPB24) from P. elyakovii, and of truncated minimum catalytic region of AlyPEEC (pCD11) (Fig. 1) . Recombinant AlyPEEC expression in pCD11 was driven by the vector-controlled promoter and occurred in the cytoplasm [4] . The recombinant AlyPEEC production was apparent in E. coli without calcium but the enzyme was inactive (Fig. 6 , and Table 1 ). The concentrations of the recombinant AlyPEEC proteins were the same in pCD11 E. coli clones, irrespective of whether calcium propionate was supplemented in the LB broth or not (Fig. 6 , and Table 1) . It therefore appears that, (i) the paeX gene was not associated with calcium dependent AlyPEEC expression (Fig. 1), (ii) calcium may not affect transcription of alyPEEC gene, and, (iii) calcium may penetrate the plasma membrane and affect the form the active enzymes in the cytoplasm.
However, we were unable to determine the presence of the calcium binding sites in AlyPEEC nor how calcium interacts with the inactive recombinant AlyPEEC to form the active enzyme. Future studies will therefore require the use of calcium tracer to understand the manner in which the calcium affects active AlyPEEC expression. All calcium compounds added in the broth were adjusted to 1.5X10 -2 M. Corrected amounts of putative enzyme production *2 
